We examined the influence of the tetratricopeptide repeat factor XAB2 on chromosomal break repair, and found that XAB2 promotes end resection that generates the 3 ssDNA intermediate for homologous recombination (HR). Namely, XAB2 is important for chromosomal double-strand break (DSB) repair via two pathways of HR that require end resection as an intermediate step, end resection of camptothecin (Cpt)-induced DNA damage, and RAD51 recruitment to ionizing radiation induced foci (IRIF), which requires end resection. Furthermore, XAB2 mediates specific aspects of the DNA damage response associated with end resection proficiency: CtIP hyperphosphorylation induced by Cpt and BRCA1 IRIF. XAB2 also promotes histone acetylation events linked to HR proficiency. From truncation mutation analysis, the capacity for XAB2 to promote HR correlates with its ability to form a complex with ISY1 and PRP19, which show a similar influence as XAB2 on HR. This XAB2 complex localizes to punctate structures consistent with interchromatin granules that show a striking adjacent-localization to the DSB marker ␥H2AX. In summary, we suggest that the XAB2 complex mediates DNA damage response events important for the end resection step of HR, and speculate that its adjacent-localization relative to DSBs marked by ␥H2AX is important for this function.
INTRODUCTION
Homologous recombination (HR) repair of chromosomal double-strand breaks (DSBs) is important for tumor suppression and cellular resistance to clastogens. For example, two key mediators of HR, BRCA1 and BRCA2, are essential for breast and ovarian cancer tumor suppression, as well as resistance to several types of DNA damage (1) . HR can occur by at least two distinct pathways: homology-directed repair (HDR) and single-strand annealing (SSA) (2) . HDR involves strand invasion of a homologous template (usually the sister chromatid) by the RAD51 recombinase to initiate nascent DNA synthesis (2, 3) . SSA refers to annealing of homologous repeats that flank a DSB to form a bridge for end processing and ligation, which leads to a deletion between the repeats (2, 4) . Both pathways are likely initiated by DSB end resection to form 3 single-stranded DNA (ss-DNA), which reveals the homology used during repair (5) . Namely, factors critical for end resection (e.g. CtIP) are important for both HDR and SSA (6, 7) . Conversely, suppression of end resection is important for non-homologous end joining (NHEJ) repair, which is likely the preferred pathway when the sister chromatid template is unavailable (8, 9) . Accordingly, defining the DNA damage response (DDR) factors that influence the end resection step of HR provides insight into the mechanisms that underlie genome maintenance.
XAB2, which is composed of an array of 15 tetratricopeptide repeat (TPR) motifs (10, 11) , has been implicated in the DDR, but its function in genome maintenance remains poorly understood. Namely, XAB2 has been identified in RNA interference (RNAi) screens for factors important to suppress the accumulation of DNA damage (i.e. ␥ H2AX foci), and for factors that promote resistance to agents that cause replication stress, i.e. cisplatin and an inhibitor of Poly-ADP ribose polymerase (12) (13) (14) . The study on DDR factors influencing resistance to a Poly-ADP ribose polymerase inhibitor suggested that XAB2 is dispensable for HR, but is likely important for transcription coupled nucleotide excision repair (TC-NER) (12) . Consistent with a role during NER, XAB2 was identified in a two-hybrid screen as interacting with the NER factor XP-A (hence XP-
MATERIALS AND METHODS

Cell lines, siRNA and plasmids
Establishment and culturing of U2OS reporter cell lines, the pCAGGS-BSKX empty vector, the expression vector for I-SceI (pCBASce), and CtIP siRNA, were each described previously (6, 30) . The U2OS GFP-CtIP cell line, and GFP-CtIP expression plasmid were generously provided by Dr. Alessandro A. Sartori (7) . The pDEST3xFlag-BRCA1 plasmid (Addgene #52504) was generously provided by Dr Daniel Durocher (31) . Sequences of other siRNAs (GE/Dharmacon) are: non-targeting siCTRL (D-001810-01), 5 -ugguuuacaugucgacuaa; siXAB2-4 (D-004914-04), 5 -ccaauucucugucaaaugc; siXAB2-2 (D-004914-02), 5 -acgcagcacucucgaauuu; siPRP19 (D-004668-01), 5 -cagaagagcucagcaaaua; si-ISY1 (D-013894-04), 5 -gagccgaguuaguggaaaa; siPPIE (J-009466-09), 5 -gccuagaugucuugcggca; siBRCA1 (D-003461-06, 5 gggauaccaugcaacauaa); and si53BP1 (pool of 4 siRNAs: D-003548-01, -02, -04, -05). The colony formation assay is described in Supplementary Figure S1B .
The 3xf-XAB2-WT expression vector was generated from a human XAB2 cDNA in pCMV6-AC (Origene catalog #sc319216, NCBI accession #NM 020196). The N-terminal coding region was replaced with a fragment (gBLOCK, Integrated DNA Technologies) that contains the 3xflag coding sequence (MDYKDHDGDYKD-HDIDYKDDDDK) fused to the XAB2 start codon, as well as silent mutations to resist siXAB2-4 (5 -cTaGuuTAGCguGaaGugU, mutations in capital letters). This 3xf-XAB2 fragment was then inserted into the pCAGGS-BSKX expression vector. Truncation mutations were generated by deleting fragments from this plasmid, inserting the relevant stop codons for 3 truncations, and inserting 3xflag coding sequence fused to the relevant XAB2 coding sequence for the 5 truncations.
DSB reporter assays
For siRNA transfection, (0.5-1) × 10 5 U2OS cells were plated in 0.6 ml antibiotic-free media on a 24-well plate with 5 pmol of each siRNA incubated with 1.8 l RNAiMAX (Invitrogen/Thermofisher), and cultured overnight (20 h) . Following the overnight RNAi treatment, cells were transfected with 0.4 g of the I-SceI expression vector (pCBASce) using 1.8 l Lipofectamine 2000 (Invitrogen/Thermofisher), in 0.6 ml antibiotic-free media. For the complementation experiments, 0.1 g of a 3xf-XAB2 expression vector or EV was included. The transfection media was removed after 3 h and replaced with antibiotic media. Three days after the plasmid transfections, GFP+ frequencies were determined by flow cytometery using a CyAn ADP Analyzer (Beckman Coulter, Inc.), as described previously (30) . The GFP+ frequency for each transfection was divided by the mean value for the control samples treated in parallel (i.e. siCTRL or siCTRL+EV). Each repair value is the mean of at least three independent transfections, error bars reflect the standard deviation, and statistics were performed with the unpaired t-test. Error bars denote the standard deviation from the mean.
Immunofluoresence analysis
For IRIF analysis, siRNA treatment was performed as described for the reporter assays, and subsequently cells were plated onto chamber slides, which were treated with 10 Gy of IR (Gammacell 3000) and allowed to recover for 6 h prior to fixation. For localization studies of XAB2, PRP19, Pol2-S2P and ISY1, cells were treated with 10 Gy of IR, but allowed to recover for 30 min, and were treated with preextraction buffer (20 mM HEPES, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM sucrose, 0.25% Triton-X 100) just prior to fixation. The same procedure was used for localization studies of 3xfXAB2, using cells treated with siXAB2-4 prior to transfection with 3xfXAB2 expression vectors, with transfection conditions as described for the reporter assays. LASER-induced DNA damage was performed as described (32) , and is detailed in Supplementary Figure S5B . Slides were fixed with 4% paraformaldehyde and treated with 0.1 M glycine and 0.5% Triton-X 100 prior to probing with antibodies against BRCA1 (Abcam ab16780), Cyclin A (Abcam ab16726), ␥ H2AX (active motif 39117, or Novus NB100-78356), ISY1 (Santa Cruz Biotech sc398437), RAD51 (Santa Cruz Biotech sc-8349), 53BP1 (Abcam ab36823), PRP19 (Bethyl A300-101A), XAB2 (HCNP, Santa Cruz Biotech sc-271037), Pol2-S2P (Abcam ab5095), ubiquitin conjugates (FK2, Enzo Life Sciences BML-PW8810), Flag (Sigma, F3165), and followed by secondary antibodies (Life Technologies, A-11036 and A-11029), and with DAPI using Vectashield Mounting Medium (Vector Laboratories H1500). IRIF images were acquired using a BX-50 (Olympus) microscope at 40× magnification with Image-Pro software. Confocal microscopy images were acquired at 40× magnification using the Zeiss LSM 700 Confocal Microscope, using the ZEN Black image acquisition software. At least 50 cells from at least three independent treatments per condition were scored for cells with >10 IRIF. Statistics were performed as for the reporter assays.
Immunoblotting analysis and immunoprecipitation
For immunoblotting, cells were lysed with NETN (20 mM Tris pH 8, 100 mM NaCl, 1 mM EDTA, 0.5% IGEPAL, 1.25 mM DTT and Roche Protease Inhibitor), and several freeze/thaw cycles. To examine CtIP phosphorylation and histone modifications, cells were pre-extracted using Tritonbuffer (25 mM Hepes pH 7.4, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl 2 , 300 mM sucrose, 0.5% Triton X-100), scraped into SDS loading buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.01% bromophenol blue, and 140 mM DTT), and then boiled, sonicated (QSonica Q800RS ultrasonic horn), and boiled again. For quantitative analysis of histone acetylation levels, 10 mM sodium butyrate was added to the pre-extraction buffer in several repeat experiments to inhibit deacetylation during extraction.
For co-IP analysis, 10 6 cells were transfected with 5 g 3xf-XAB2 expression vectors or EV and 15 l Lipofectamine 2000 in 3 ml. Subsequently, cells were treated with 1 M Cpt for 1 h, and lysed in IP buffer: 20 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% IGEPAL, phosSTOP (Roche 04906845001), Protease Inhibitor Cocktail (Roche 11697498001) with 30 units/ml of benzonase (Sigma-Aldrich E1014). Lysates were dounce homogenized, and soluble material was pre-cleared with protein-G Dynabeads (Novex 10003D) prior to incubation with 2 g of Flag antibody (Sigma catalog F3165), followed by protein-G Dynabeads, which were washed with IP buffer, eluted with 100 mM Glycine pH 2.5, and neutralized with 1 M Tris-HCl pH 10.85. For mass spectrometry analysis of the IPs, the samples were in-gel reduced, alkylated and digested with trypsin as described previously (33) . The mass spectrometry analysis is described in Supplementary Figure  S4A .
Blots of these extracts or IPs were probed with antibodies described above for the IF analysis, as well as 
Cell cycle and end resection analysis
To examine cell cycle profiles, after siRNA treatment, cells were incubated with 10 M BrdU for 30 min prior to fixation, and staining with both FITC-labeled anti-BrdU antibody (BD Pharmingen 51-33284X), and propidium iodide. The end resection assay was performed as previously described (26, 34) . Briefly, cells were treated with 1 M Cpt in media for 1 h, collected by trypsinization, washed with PBS, treated with 0.2% Triton X-100 in PBS to remove non chromatin-bound RPA, fixed with BD cytofix/cytoperm buffer, stained with RPA34 antibody (antibody 9H8, Abcam ab2175), followed by secondary staining with Alexa Fluor 488 goat anti-mouse (Life Technologies A-11029). Cells were counterstained with DAPI (Sigma, R4642). Staining for both assays was analyzed with a CyAn ADP Analyzer (Beckman Coulter, Inc.) flow cytometer.
RESULTS
XAB2 is important for HR, end resection, and CtIP hyperphosphorylation
We have sought to define the influence of the TPR motif factor XAB2 on chromosomal break repair, beginning with examining the effect of RNAi depletion of XAB2 on a set of DSB reporter assays. Each reporter contains one or more recognition sites for the rare-cutting endonuclease I-SceI, and is designed such that repair of an I-SceI-induced DSB by a specific repair event restores GFP expression, which can be quantified by flow cytometry. We examined three previously described reporters integrated into the U2OS human osteosarcoma cell line (35) : EJ5-GFP to examine endjoining (EJ) repair between two tandem DSBs, DR-GFP for HDR, and SA-GFP for SSA (Supplementary Figure S1A) . Regarding SA-GFP, specific HDR events (i.e. long tract HDR resolved by EJ, and/or crossover HDR) have the potential to cause the deletion measured by this reporter, however these HDR events are relatively uncommon (36, 37) . Furthermore, disruption of the central HDR factor RAD51 causes a substantial increase in the deletion measured by SA-GFP (38) , which is inconsistent with HDR making a substantial contribution to this repair product. In contrast, disruption of the end resection factor CtIP causes a reduction in both HDR and SSA (6,39), which we confirmed here using an siRNA targeting CtIP (siCtIP), as compared to a non-targeting siRNA (siCTRL, Figure 1A ).
Similar to siCtIP treatment, depletion of XAB2 by two distinct siRNAs (siXAB2-2; siXAB2-4) caused a significant decrease in HDR (2-fold, P < 0.0001) and SSA (3-fold, P < 0.0001), without causing a substantial decrease in EJ (Figure 1A) . In contrast, XAB2 depletion did not show a clear effect on cell cycle phase distribution ( Figure 1B) , such that the decrease in HR cannot be readily explained by loss of S/G2 cells, which are more dependent on HR for clastogen resistance than G1 cells (9, 40) . Although, by examining long-term clonogenic survival, we found siXAB2 treatment caused a substantial reduction in colony formation (>30-fold, P ≤ 0.005, Supplementary Figure S1B ), which is consistent with the embryonic lethality of both Xab2-/-mice (41), and HR-deficient (e.g. Rad51-/-and Ctip-/-) mice (42, 43) . These findings indicate that XAB2 is impor- tant for the HR pathways HDR and SSA, which share end resection as a common intermediate.
Thus, we tested the influence of XAB2 on a quantitative assay for end resection: recruitment of the ssDNA binding factor RPA to chromatin following treatment with Cpt, which is a topoisomerase I poison that causes replication fork collapse. Specifically, we performed a flow cytometry-based assay that uses a mild-detergent extraction to remove non-chromatin bound proteins, prior to fixation and immunostaining for a subunit of RPA (RPA34) and counterstaining with DAPI for cell cycle phase (34) . Such chromatin-bound RPA staining is substantially induced by Cpt treatment in a manner dependent on the end resection factor CtIP (26,34), which we confirmed here ( Figure 1C ). Using this assay, we found that siXAB2 treatment caused a significant reduction in the frequency of Cpt-treated cells with chromatin-bound RPA staining, compared to siCTRL treatment (3.7-fold for siXAB2-4, and 3-fold for siXAB2-2, Figure 1C , P < 0.0001). Thus, XAB2 appears important for end resection, as measured by Cpt-induction of chromatinbound RPA.
We next considered that XAB2 could be important for protein levels and/or post-translational modifications of factors that are important for the DDR. First, we examined the levels of several DDR factors in cells treated with siXAB2-2 and siXAB2-4. Apart from a 2-fold decrease in BRCA1 levels with only siXAB2-2 (P = 0.03, N = 3), the levels of other DDR factors were not obviously affected by XAB2 depletion by either siRNA (i.e. levels of Ku70, FANCD2, RAD51, RPA34 and CtIP, Figure 1D ). Next, we tested whether XAB2 may affect CtIP hyper-phosphorylation that is induced by Cpt treatment. Such DNA damage induced CtIP hyper-phosphorylation occurs on several S/T residues and causes a gel migration shift that can be detected with immunoblotting (44, 45) . Furthermore, this CtIP hyper-phosphorylation is mediated by the ATM kinase and cyclin-dependent kinases, and is likely important for controlling CtIP function during HR (44, 45) . Consistent with these studies, we find that Cpt treatment causes a substantial induction of CtIP hyperphosphorylation ( Figure 1E ). However, cells treated with siXAB2-2 and siXAB2-4 showed a significant reduction in CtIP hyper-phosphorylation after Cpt treatment ( Figure  1E , 1.8-fold and 1.7-fold, respectively, P ≤ 0.005). Thus, XAB2 is important for hyper-phosphorylation of CtIP, which is likely important for control of end resection, and hence is consistent with a role for XAB2 during the end resection step of HR.
XAB2 is important for IRIF of the HR factors RAD51 and BRCA1, and for histone acetylation that has been linked to HR proficiency
Since XAB2 appears important for HR, we considered that it might also be important for focal accumulation of HR factors to sites of DNA damage. Following end resection, the RAD51 recombinase is recruited to facilitate strand exchange during HDR (2). BRCA1 co-localizes with RAD51 at sites of DNA damage (46) , and cells deficient in BRCA1 show reduced HDR and SSA, as well as a partial defect in end resection (39, 47, 48 ). Thus, we tested whether XAB2 is important for accumulation of RAD51 and BRCA1 into IRIF. We examined RAD51 accumulation into IRIF in cells that co-stain for the S/G2 phase marker, Cyclin A, and found that cells treated with siXAB2 showed a substantial decrease in Cyclin A+ cells with RAD51 IRIF (6.7-fold for siXAB-2, 2.8-fold for siXAB2-4, P<0.003, Figure 1F ). We also found that the frequency of cells with BRCA1 IRIF was markedly reduced by siXAB2 treatment (4-fold for siXAB2-2, 7-fold for siXAB2-4, P < 0.002, Figure 2A and B). In contrast, siXAB2 treatment did not affect IRIF of the DSB marker ␥ H2AX Figure 2A and B) .
Based on these findings that XAB2 is important for BRCA1 IRIF and CtIP hyperphosphorylation, we also examined other aspects of the DDR that relate to BRCA1 and CtIP. For one, we examined recruitment of CtIP to LASERinduced DNA damage, using a previously described U2OS cell line expressing GFP-CtIP (7) . From these experiments, we found that siXAB2 treatment did not obviously affect localization of CtIP to LASER-induced DNA damage (Supplementary Figure S2A ). Thus, effects of XAB2 on CtIP hyper-phosphorylation are not readily explained by reduced recruitment to damage. Next, we examined the interaction of CtIP with BRCA1, which can be detected by co-IP (49, 50) . We found that siXAB2 treatment did not obviously disrupt this CtIP-BRCA1 interaction ( Supplementary Figure S2B) , which is consistent with reports that this interaction appears dispensable for HR (51) (52) (53) . Finally, since loss of 53BP1 can suppress the HR defects caused by BRCA1-deficiency (54,55), we tested whether 53BP1 depletion could cause a similar suppression in XAB2-deficient cells. Using the DSB reporter assays, we found that 53BP1 depletion caused a significant increase in HDR and SSA in cells depleted of either XAB2 or BRCA1 ( Figure 2C ). These findings are consistent with XAB2 being important for BRCA1 function during HR.
Since BRCA1 IRIF are promoted by the RNF8-mediated ubiquitin signaling pathway, which is also important for 53BP1 IRIF (56), we also examined the influence of XAB2 on IRIF of ubiquitin conjugates (FK2 antigen) and 53BP1. We found that siXAB2 treatment caused no statistical difference on 53BP1 IRIF, and caused a modest but statistically significant decrease in the frequency of cells with ubiquitin conjugate IRIF (1.5-fold for both siXAB2-2 and -4, P < 0.04, Figure 2A and B) . Thus, the substantial defect in BRCA1 IRIF cannot be readily explained by a loss of the RNF8-mediated ubiquitin signaling pathway.
We also tested whether depletion of XAB2 may influence the level of chromatin modifications that are associated with HR proficiency. We examined five different histone modifications: H4K16Ac, which appears important for BRCA1 IRIF (28); H3K9Ac and H3K36me3, which show enriched deposition at sites of enhanced RAD51 recruitment to DSBs (29); H3K56Ac, which is affected by DNA damage (57); and the H3K9me3 mark for heterochromatin, which shows a negative correlation with RAD51 recruitment to DSBs (29) , and furthermore appears to have distinct DDR requirements for HR (58) . From analyzing the levels of these histone modifications ( Figure 2D ), we found that siXAB2 treated cells showed a substantial decrease in H3K9Ac (1.8 ± 0.3-and 1.5 ± 0.2-fold for siXAB2-2 and siXAB2-4, respectively, N ≥ 4) and H4K16Ac (2.8 ± 0.85- Figure 1A , prior to I-SceI expression, and analysis of GFP+ cells (siXAB2; siXAB2-4). The I-SceI transfection was 2 days after siRNA treatment for the DR-GFP experiments to allow for efficient RNAi depletion of 53BP1. Shown are the frequencies of GFP+ cells from these experiments, relative to siCTRL (= 1). *Distinct from the siRNA treatment without si53BP1, P ≤ 0.0007, (HDR N = 5; SSA N = 6). Immunoblots confirming depletion of the target protein by the respective siRNAs are also shown (*non-specific band). (D) XAB2 promotes histone acetylation levels. Following siRNA treatment, cells were treated with mild detergent prior to extraction of chromatin-bound proteins, as in Figure 1E . Shown are immunoblotting signals from representative samples for several histone modifications; *band detected by the H4K16Ac antibody that is non-specific, in that it migrates much slower than histone H4. and 1.6 ± 0.35-fold for siXAB2-2 and siXAB2-4, respectively, N ≥ 3), as well as a modest decrease in H3K56Ac (1.6 ± 0.3-and 1.3 ± 0.25-fold for siXAB2-2 and siXAB2-4, respectively, N ≥ 3). In contrast, siXAB2 treatment did not cause a reduction in either H3K36me3 or H3K9me3 (Figure 2D) . Thus, XAB2 appears to promote histone acetylation levels, which have been linked to BRCA1 IRIF and HR proficiency (28, 29) .
XAB2 regions representing TPR motifs 2-4 and 11-12 are important for HR
We next sought to define regions of XAB2 important for HR. For this, we performed transient complementation experiments using the HDR and SSA reporter assays. After treatment with siXAB2-4, we co-transfected cells with the I-SceI expression vector and an expression vector for XAB2 that contains an N-terminal 3Xflag tag, as well as silent mutations to evade depletion by siXAB2-4 (3xf-XAB2-WT). We found that 3xf-XAB2-WT is readily expressed in cells treated with siXAB2-4 ( Figure 3A) , and can substantially rescue the HDR and SSA defects caused by siXAB2-4 treatment ( Figure 3B , compared to empty vector, EV, P < 0.0001). We then compared 3xf-XAB2-WT to a series of six truncation mutations in XAB2, which is composed of 15 TPR motifs: Y68 ( 1-67, TPR1), Y152 ( 1-151, TPR1-3 and part of TPR4), L484* ( 484-855, TPR9-15), S554* ( 554-855, TPR11-15), Y596* ( 596-855, TPR13-15 and part of TPR12), and Q628* ( 628-855, TPR13-15). Each of these mutant forms was readily expressed in cells ( Figure 3A ). Among these mutants, only Y68 and Q628* were highly proficient at promoting HR ( Figure 3B , HR not distinct from WT, although SSA for Q628* was statistically lower than WT, P = 0.02). In contrast, Y152 and L484* were not proficient at promoting HR ( Figure 3B , not distinct from EV). The mutants S554* and Y596* showed partial proficiency for HR ( Figure 3B , distinct from both WT and EV, P≤0.0009, except Y596* versus EV for SSA, P = 0.012). Thus, residues 1-67 (TPR1) and 628-855 (TPR13-15) are dispensable for HR, S554-855 (TPR11-15) are important for full HR function, whereas 1-151 (TPR1-3, part of TPR4) and 484-855 (TPR9-15) are required for HR. These findings indicate that XAB2 regions representing TPR motifs 2-4 and 11-12 are important for HR.
XAB2 shows overlapping localization with Pol2-S2P, but a striking adjacent-localization relative to the DSB marker ␥H2AX
To further define the role of XAB2 in the DDR, we examined the cellular localization of XAB2. In a previous study of cells without DNA damage, XAB2 was shown to form punctate structures that co-localize with phosphorylated forms of RNA polymerase II (15) , which have been referred to as interchromatin granules (59, 60) . We found a similar staining pattern, in that XAB2 localizes to punctate areas of the nucleus, and shows overlap with a phosphorylated form of the large subunit of RNA polymerase II (Pol2-S2P), although Pol2-S2P staining is more diffuse than XAB2 ( Figure 4A ).
We then evaluated the localization of XAB2 in response to DNA damage. We examined XAB2 shortly after treatment with IR (10 Gy, 30 min), and compared its localization to the DSB marker ␥ H2AX. We found that XAB2 remains localized to punctate areas of the nucleus, but shows a striking adjacent-localization pattern relative to ␥ H2AX (Figure 4B) . Namely, regions of high punctate XAB2 staining are often adjacent to regions of high ␥ H2AX staining. This staining pattern persists for several hours after IR (30 min to 6 h), and is also found through the depth of the cell, based on examining an orthogonal view of several Z-stacks (Supplementary Figure S3A ). Consistent with this localization pattern, we did not observe an obvious IR-induced chromatin enrichment of XAB2 (Supplementary Figure S3B) . Pol2-S2P also shows a similar staining pattern as XAB2 relative to ␥ H2AX, but again its localization is more diffuse than XAB2 ( Figure 4A ). We then performed a similar analysis of IR-treated cells with transiently expressed 3xf-XAB2 using Flag immunostaining, and found that 3xf-XAB2-WT shows a similar pattern as endogenous XAB2 (i.e. punctate staining that is adjacent to ␥ H2AX, Figure 4C ). Regarding the HR-deficient mutants described above, Y152 and S554* showed similar staining as WT, albeit with more diffuse staining, whereas L484* lacked clear punctate staining ( Figure 4C ). These findings indicate that XAB2 localizes in punctate foci that overlap with Pol2-S2P, but are strikingly adjacent to the DSB marker ␥ H2AX, which we speculate could be relevant to the HR function of XAB2 (see Discussion).
XAB2 interacts with PRP19 and ISY1, which affect HR similarly to XAB2
We next sought to investigate factors that interact with XAB2. While XAB2 was previously shown to form a two-hybrid interaction with XPA, and to coimmunoprecipitation (co-IP) with the NER factor CSB when both are exogenously expressed (11) , other studies for components of the XAB2 complex have identified ISY1 and PRP19 (15, 17, 18) . We examined IP samples using anti-Flag antibodies from cells expressing 3xf-XAB2-WT, which were treated with Cpt before harvesting. We confirmed enrichment of XAB2 in the IP, compared to control cells transfected with EV ( Figure 5A, Supplementary  Figure S4A) . From mass spectrometry analysis of these IP samples, we did not identify NER factors, and furthermore immunoblotting analysis of these samples failed to detect CSB (Supplementary Figure S4A, B) . Also, we did not detect BRCA1 or CtIP in IPs of XAB2 in either the mass spectrometry results, or from immunoblotting analysis (Supplementary Figure S4B) . However, the mass spectrometry analysis identified other factors previously shown to associate with XAB2, which we also confirmed by immunoblotting analysis: ISY1, PRP19 and PPIE ( Figure  5A, Supplementary Figure S4A, C) .
Based on these findings, we tested whether PRP19, ISY1, or PPIE influence HR, using siRNAs targeting these factors (siPRP19, siISY1, siPPIE), which we confirmed deplete the target protein ( Figure 5B, Supplementary Figure S4C) . Beginning with the DSB reporter assays ( Figure 5C ), we find that siPRP19 and siISY1 treatment each caused a signifi- cant decrease in HDR (2.7-fold and 2.4-fold, respectively), as well as SSA (4-fold and 2.2-fold, respectively). Treatment with siPRP19 and siISY1 also caused a reduction in EJ (1.9-fold and 1.3-fold, respectively), but the effects on EJ were significantly less than effects on HDR and SSA (P<0.0001, except P = 0.04 for siPRP19 regarding HDR versus EJ). In contrast, siPPIE treatment did not cause a significant difference among the reporter assays ( Supplementary Figure S4C) . These findings indicate that ISY1 and PRP19 are important for HDR and SSA to a greater degree than EJ, which is similar to our above findings with XAB2.
Thus, we further examined ISY1 and PRP19. For one, we performed a series of double treatment experiments with all combinations of siXAB2, siISY1, and siPRP19, using the DSB reporter assays. We found that the fold-effect of each double siRNA treatment combination on HR was less than the addition of the fold-effects of the two single siRNA treatments (i.e. not additive, Figure 5D ). This finding is consistent with the notion that these factors function in a complex to promote HR. Next, we examined the XAB2 HRdeficient mutants described above (Y152, L484*, S554*) for the capacity to form a complex with these factors. We found that each of these mutants failed to form a detectable com- . XAB2 shows punctate nuclear staining, which overlaps with a phosphorylated form of RNA polymerase II (Pol2-S2P), but shows a striking adjacent-localization to the DSB marker ␥ H2AX (i.e. XAB2 and ␥ H2AX often localize to adjacent sites). Cells were either treated with 10 Gy IR (+IR) or mock treated (-IR) and allowed to recover for 30 min prior to mild detergent extraction and fixation for immunofluorescence analysis using confocal microscopy. Scale bars = 10 m. (C) PRP19 and ISY1 affect HR similarly to XAB2. The influence of siISY1 and siPRP19 treatment on DSB reporter assays, end resection of Cpt-induced damage (chromatin-bound RPA34), and CtIP-hyperphosphorylation was performed as described in Figure 1E . Shown are repair values from the reporter assays (N ≥ 5), *distinct from siCTRL P < 0.0001, † P<0.0001 except P = 0.04 for siPRP19 regarding HDR versus EJ. Shown is the percentage of RPA34+ cells after Cpt treatment for each siRNA treatment, *P < 0.0001, N = 9. Also shown are CtIP immmunoblot signals for cells treated with the siRNAs shown, that were subsequently Cpt treated (+), or untreated (-). (D) Double siRNA treatment combinations targeting XAB2 (siXAB2-4), ISY1, and PRP19, each cause a fold-decrease in HR that is less than the addition of the fold-decrease caused by the individual siRNA treatments (i.e. not additive). DSB reporter cell lines were treated with a series of double siRNA combinations, maintaining the same total siRNA concentration as experiments in Figure  1A , prior to I-SceI expression. Shown are the frequencies of GFP+ cells from these experiments, relative to siCTRL (= 1). Also shown is the fold-decrease in HR for double siRNA treatments relative to the respective individual siRNA treatment, which in each case are less than 2-fold. In contrast, each of the individual siRNA treatments cause a decrease in HR that is at least 2-fold. † P = 0.015, *P < 0.0001 (N = 6). Also shown are immunoblots confirming depletion of the target proteins by the respective double siRNA treatments. plex with PRP19 ( Figure 5A ). The mutant Y152 failed to form a detectable complex with ISY1, and L484* and S554* showed a markedly reduced capacity to form a complex with ISY1 ( Figure 5A ). These findings indicate that the capacity for XAB2 to form a complex with ISY1 and PRP19 correlates with the ability to promote HR.
We next examined effects of siPRP19 and siISY1 treatment on other aspects of the DDR that we found were affected by siXAB2 treatment. Beginning with the flowcytometry based end resection assay, we found that both siPRP19 and siISY1 treatment caused a significant reduction in the frequency of cells with chromatin bound RPA34 ( Figure 5C , P < 0.0001, 1.5-fold and 1.6-fold, respectively). Treatment with siPRP19 also caused a significant reduction in CtIP hyper-phosphorylation after Cpt treatment ( Figure 5C, 1 .5-fold, P = 0.0037), although siISY1 treatment did not obviously cause a significant difference. Next, we examined BRCA1 IRIF and chromatin modifications, and found similar effects as siXAB2 treatment. Namely, we found that siPRP19 and siISY1 caused a significant reduction in BRCA1 IRIF (3-fold, P<0.0001, Figure 6A ), as well as a reduction in H4K16Ac (2.7 ± 1.4-fold, 3 ± 2.2-fold, respectively, N = 3) and H3K9Ac levels (1.6 ± 0.1, 2.8 ± 0.6, respectively, N = 3), but not K3K56Ac, H3K9me3 nor H3K36me3 ( Figure 6B ).
Finally, we examined the cellular localization of PRP19 and ISY1, and found that both of these factors show punctate staining that is often adjacent to ␥ H2AX, similar to XAB2 ( Figure 6C, Supplementary Figure S5A) . Also, using LASER-induced DNA damage stripes (32), we found that PRP19 fails to enrich at sites of DNA damage (detected by ␥ H2AX), and indeed some cells show instances of reduced localization along the stripe, including cells treated with the transcription inhibitor DRB ( Supplementary Figure S5B) . We performed the DRB treatment, since some factors that show localization away from a LASER damage stripe have been shown to localize with the stripe in cells pre-treated with DRB (61). We also found that PRP19 and XAB2 show substantial co-localization, as do PRP19 and ISY1 ( Figure 6C, Supplementary Figure S5A) . Finally, the adjacent-localization pattern of each of these factors relative to ␥ H2AX was not obviously affected by siRNAs targeting the other members of the complex (Supplementary Figure S6) . These findings indicate that the HR function of XAB2 correlates with the capacity to form a complex with ISY1 and PRP19, which show a similar influence on HR as XAB2.
DISCUSSION
The TPR motif factor XAB2 has been identified in screens for factors important for the DDR (12) (13) (14) , but its influence on chromosomal break repair has remained unclear. We have presented evidence that XAB2 mediates the end resection step of HR repair of chromosomal DSBs. We found that XAB2 promotes two distinct HR events that require end resection: HDR and SSA. XAB2 is also critical for Cpt-induced recruitment of RPA34 to chromatin, which is a measure of end resection (34) , as well as RAD51 accumulation into IRIF, which requires end resection (5).
Furthermore, we have found that XAB2 affects regulation of the DDR factors that have been associated with end resection proficiency ( Figure 7) . Namely, we found that XAB2 is important for hyper-phosphorylation of CtIP induced by Cpt treatment, BRCA1 IRIF, and histone acetylation levels. CtIP hyper-phosphorylation is mediated by the ATM kinase and cyclin-dependent kinases, and several of these phosphorylation sites appear important for CtIP function during end resection (44, 45) . The cellular pathways that influence the efficiency of CtIP hyperphosphorylation by these kinases are not well understood, although our findings indicate that XAB2, and associated factor PRP19, promote this process.
XAB2 is also critical for IRIF of BRCA1, which is a factor important for proficient end resection, as well as repair by HDR and SSA (39, 47, 48) . We also found that 53BP1 depletion can suppress HR defects caused by siXAB2 treatment, which is similar to the suppression observed with BRCA1-deficient cells (54, 55) . These findings support the notion that XAB2 is important for BRCA1 function during HR. At least two cellular pathways mediate BRCA1 IRIF: the RNF8-mediated ubiquitin signaling cascade (56) , and histone acetylation (28) . Our findings are consistent with XAB2 influencing the latter pathway, since cells depleted of the XAB2 show reduced histone acetylation. In contrast, while XAB2 depletion caused a modest decrease in ubiquitin chain (FK2 antibody) IRIF, we found no statistical defect in 53BP1 IRIF, which are dependent on the ubiquitin signaling cascade (56) . In addition to the influence of H4K16Ac in promoting BRCA1 IRIF (28) , another histone acetylation mark (H3K9Ac) is linked to HR proficiency, based on a correlation with enhanced recruitment of RAD51 to DSBs in chromatin enriched for histone modifications that are linked to actively transcribed regions, which include H3K36me3 and H3K9Ac (29) . Accordingly, the role of XAB2 in promoting both H4K16Ac and H3K9Ac could be a significant aspect of the function of this factor in mediating HR.
To further investigate the mechanism of XAB2 function during these aspects of chromosomal break repair, we defined the N-and C-terminal regions of XAB2 that are important for HR, and subsequently found that the capacity to promote HR correlates with the ability for XAB2 to form a complex with PRP19 and ISY1. In contrast, another previously described binding factor of XAB2, the NER protein CSB (11), was not found associated with XAB2 in our analysis. Of course, we cannot eliminate the possibility of a weak interaction with CSB, or loss of the interaction in our experiments, but our findings are also consistent with other reports of XAB2 associated factors (15, 17) . Furthermore, we found that depletion of PRP19 and ISY1 caused a reduction in HR, end resection, BRCA1 IRIF, and histone acetylation (specifically H4K16Ac and H3K9Ac), which supports a role for the XAB2 complex (i.e. in association with PRP19 and ISY1) during these aspects of the DDR.
Regarding the precise role of this complex to promote end resection via the DDR events described above (Figure 7) , we raise several possibilities. Given that XAB2, PRP19, and ISY1 co-purify with the spliceosome (16) (17) (18) , one model is that these factors are important for efficient mRNA splicing of the transcripts of end resection genes. While plausible, Nucleic Acids Research, 2016, Vol. 44 , No. 12 5713 A model for the influence of XAB2 and associated factors on the end resection step of HR. XAB2, along with PRP19 and ISY1, are depicted localizing to interchromatin granules that are apart from DSBs. XAB2 is depicted as promoting a set of DDR events linked to end resection of DSBs, which are important for both HDR (and RAD51 IRIF) and SSA, but are dispensable for EJ.
we suggest this mechanism is unlikely for several reasons. For one, such a defect in gene expression would need to be specific for end resection genes without substantially affecting either NHEJ factors or the BRCA2/RAD51-mediated strand invasion step of HDR. Namely, loss of these NHEJ or HDR factors causes an increase in SSA (38,39), whereas we have found that XAB2 depletion causes an even greater decrease in SSA than HDR. Second, we did not identify a substantial or consistent reduction in protein levels for several DDR factors in XAB2 depleted cells. Finally, we found that transient co-expression of siRNA-resistant XAB2 with I-SceI substantially rescues the HR defects in the DSB reporter assays caused by prior siXAB2 treatment. Such simultaneous and substantial complementation of HR function is inconsistent with a model requiring the restoration of an XAB2-dependent gene expression program to facilitate the initiation of HR. While each of these arguments is not necessarily definitive, we suggest that another mechanism may be more likely.
For example, apart from pre-mRNA splicing of specific genes per se, proper regulation of the RNA processing machinery, in particular the control of its sub-nuclear localization, could be important for the end resection step of HR. This model is supported by the sub-nuclear localization of XAB2, along with Pol2-S2P, PRP19, and ISY1, which show a striking adjacent-localization pattern relative to the DSB marker ␥ H2AX in IR-treated cells. Other RNA processing factors implicated in HR (e.g. RBMX and hn-RNPUL) have been demonstrated to show a related pattern, namely localization away from LASER-induced DNA damage (61, 62) . Accordingly, several factors implicated in HR have been shown to localize away from DNA damage marked by ␥ H2AX, to regions of the nucleus referred to as interchromatin granules (59, 60) .
We suggest that the localization of the XAB2 complex within interchromatin granules may be relevant for its DDR function. Considering one model, factors that inhibit end resection could be negatively regulated within interchromatin granules. For examples, inhibitors of CtIP phosphorylation, such as a phosphatase (63) , and/or histone acetylation, such as a deacetylase (57), could be regulated by sequestration and/or degradation within the interchromatin granules. Notably, PRP19 contains a U-box ubiquitin ligase domain (64) , which could potentially mediate ubiquitination events important for such regulation. A limitation of this model is that the cellular function of interchromatin granules, particularly as relates to transcription elongation and RNA processing, remains poorly understood (59, 60) . Accordingly, a more inclusive model is that the functions of interchromatin granules, which may include transcription elongation and/or RNA processing, affect signaling events that are important for end resection, such as histone acetylation, BRCA1 IRIF, and/or CtIP hyperphosphorylation. While these models are speculative, we suggest that the striking degree to which the XAB2 complex shows adjacentlocalization to ␥ H2AX, and localization within interchromatin granules, is likely to have functional relevance to the regulation of the DDR, and the end resection step of HR in particular.
